ABSTRACT: Intermolecular Ritter-type C−H amination of unactivated sp 3 carbons has been developed. This new reaction proceeds under mild conditions using readily available reagents and an inexpensive source of nitrogen (acetonitrile). A broad scope of substrates can be aminated with this method since many functional groups are tolerated. This reaction also allows for the direct, innate C−H amination of a variety of hydrocarbons such as cyclohexane without the need of prefunctionalization or installation of a directing group.
T he pioneering studies of Barton, 1 Breslow, 2 and Corey 3 on the functionalization of C−H bonds in terpenoid skeletons have contributed to the recent resurgence of interest in this area. The direct conversion of C−H bonds to C−N bonds is of particular importance in the area of alkaloid and heterocycle synthesis. 4 Historically, the venerable Hofmann− Loffler−Freytag (HLF) reaction ( Figure 1A ) 5 has served as a practical and reliable method in intramolecular settings. With the notable exception of some radical-based functionalizations, 6 state-of-the-art developments are dominated by nitrene chemistry. Free nitrenes had been mostly generated in situ by thermolysis or photolysis of azides, and those rather harsh conditions often resulted in both low selectivities and safety concerns. 7 Thus, metallonitrenes, also prepared in situ from azides, 8 haloamines, 9 N-arenesulfonyloxycarbamates, 10 or iminoiodanes, 11 are preferred for intramolecular C sp 3 −H amination. However, due to the instability of metallonitrene intermediates, early intermolecular versions of these reactions generally have not led to high yields and have mostly allowed for the functionalization of benzylic or allylic positions. To circumvent these problems, elegant methods that enhance the reactivity of the metal catalyst have been reported by Muller, 12a Che, 12b Du Bois, 12c Dauban, 12d Lebel, 12e Peŕez, 12f He, 12g and Warren.
12h Metal-free organonitrenoid reagents have recently been discovered by Bettinger 13a and Ochiai, 13b enabling the functionalization of alkanes when used as solvent. Herein, we report the invention of a copper-catalyzed intermolecular C sp 3 − H amination of both unactivated (non-benzylic and allylic) hydrocarbons and functionally rich molecules (see Figure 1A ). This reaction proceeds at room temperature or 50°C, is operationally simple, and is scalable. Moreover, the substrate can be used as the limiting reagent, and the catalyst and nitrogen source are readily available.
In the course of a research program geared toward the synthesis of terpenes, a guided C−H oxidation was invented to achieve the direct oxidation of (−)-menthol (1) to hydroxymenthol 3, as well as the synthesis of more complex natural products of the eudesmane family.
14 In a continuing effort to use such logic for the synthesis of terpenoid alkaloids, 15 a C sp 3 − H amination was pursued, inspired by the unexpected finding by Banks et al. of the formation of dihydrooxazinium salt 2 derived from 1 ( Figure 1B) . 16 Those authors serendipitously found that treatment of 1 with 2.0 equiv of F-TEDA-BF 4 (Selectfluor ® reagent, Air Products and Chemicals, Inc.) in refluxing acetonitrile gave heterocycle 2 instead of the expected oxidation product (−)-menthone. Although the relatively harsh reaction conditions and the very limited substrate scope (three substrates reported) were obvious limitations, those findings represented a useful starting point for optimization (see selected examples shown in Figure 1C and Supporting Information (SI) for more details). For instance, the conditions of Banks et al. afforded 7% yield of dihydrooxazine 5 from alcohol 4 after workup with 10% aq NaOH to neutralize the dihydrooxazinium salt (entry 1). Since a radical-based mechanism for the conversion of 1 to 2 was originally put forth, it was reasoned that a metal such as Cu(I) or Cu(II) could facilitate C−H abstraction, based on the pioneering studies of Kochi. 17 After extensive screening, a few commercial Cu salts were found to dramatically affect the rate of the reaction. In particular, the use of 25 mol% of CuBr 2 with 2.2 equiv of F-TEDA-BF 4 led to 37% yield of 5 in only 1 h at room temperature (entry 2). As a control, the same reaction was performed without either copper or F-TEDA-BF 4 and in both cases failed to generate product (entries 3 and 4). At least 2.0 equiv of F-TEDA-BF 4 is needed to obtain full conversion (entry 5). Fortunately, the addition of 50 mol% of a Lewis acid such as Zn(OTf) 2 allowed for a notable improvement in yield (entry 6). Next, solubility issues of F-TEDA-BF 4 at room temperature were addressed by using a related fluorinating agent, F-TEDA-PF 6 , which can be prepared in quantitative yield from F-TEDA-BF 4 by a simple anion exchange with NH 4 PF 6 , according to Ritter's procedure. 18 Using this reagent, the reaction became homogeneous, and the yield notably improved (entry 7). Interestingly, no other fluorinating agents or common oxidants that were tested enabled the reaction to proceed. Hydrolysis of the dihydrooxazine moiety to the hydroxyacetamide product was performed at 80°C with 1.0 equiv of NaOH in a 1:1 mixture of acetonitrile and water. Although a one-pot process is feasible, an intermediate workup allowed for the use of only 1.0 equiv of NaOH in the subsequent hydrolysis, resulting in a slightly higher yield.
With this simple procedure in hand, a range of saturated alcohols were employed as limiting reagents (Table 1 ). C sp 3 −H amination of alcohols 1, 4, and 6 proceeded with isolated yields ranging from 53 to 91%. Although Banks et al. specifically reported that 7 is unreactive under their reaction conditions, 16 the reaction presented herein led to amination of 7 in 42% isolated yield. Moreover, this demonstrates that phenyl groups are tolerated, since fluorination of the arene was not observed. Interestingly, hydroxyl groups are not necessary for the reaction, since ketones 8 and 9 were transformed in 1 step into β-amidoketones in good yields. In the case of 9, a mixture of mono-(16) and bisamidation (17) products was observed when only 1.0 equiv of 9 was used. When an excess of 9 (8.0 equiv) was used, monoadduct 16 was the exclusive product (89% yield). Lastly, this process can be used to functionalize fairly complex substrates in good yield, as exemplified by 6-epidihydrojunenol (10), which could provide an important functional handle for the synthesis of related natural products. 19 Encouraged by these results, we attempted this C sp 3 −H amination reaction on hydrocarbon substrates bearing no directing functional groups (Table 2) . Gratifyingly, the transformation of adamantane (19) Table 2 ), which supports the postulation that 2.0 equiv of F-TEDA-PF 6 is required to transform 1.0 equiv of substrate, in accord with our initial observations (see Figure 1C ). When the temperature of the reaction was increased to 50°C, hydrocarbons 20−26 were amidated with isolated yields ranging from 21 to 62%, whereas the use of 5.0 equiv of substrate gave yields of up to 90%. Interestingly, the regioselectivity observed on trans-decalin (25) suggests that sterics can favor the reaction of methylene over methine positions. In the case of cis-decalin (26), formation of 34 is probably due to the fact that the tertiary C−H bonds in this molecule are more accessible. Moreover, isomerization of the cis-junction to a trans-junction for 34 is consistent with a radical or a carbocation involved in the reaction mechanism. 20 Although many functional groups are tolerated, free amines and olefins are currently not compatible with the reaction conditions.
Removal of the protecting group on the amine (e.g., sulfonimidoyl, alkoxysulfonamide, or trifluoromethanesulfonamide) introduced at the C−H amination step in other methods is often not trivial.
12−14 In comparison, an acetamide can be cleaved in many ways, 21 and acid hydrolysis has shown to b Hydrolysis (step 2) was not necessary. c 8.0 equiv of 9 was used, and yield was based on 2.0 equiv of F-TEDA-PF 6 as the limiting reagent. efficiently remove the acetamide moiety. For instance, enantiopure aminomenthol 37 can be synthesized from inexpensive (−)-menthol (1) in 3 steps and 87% yield (or in 2 steps and 73% yield) with only one chromatographic separation (Scheme 1). The only other reported synthesis of 37 required 3 steps for an overall yield of 34% from (+)-pulegone, a starting material that is considerably more expensive than (−)-menthol.
22
A postulated mechanistic scenario that is consistent with experimental data and literature precedent is summarized in Figure 2A , with cyclohexane as a model. The role of the Lewis acid was neglected here, since it is not necessary for the reaction to proceed; F-TEDA + is shown without a counteranion, since the counterion is not believed to affect the mechanism of the reaction. Copper(II) is likely to be oxidized to copper(III) using F-TEDA + through a single-electron transfer (SET) mechanism, since it is known that N−F fluorinating agents such as F-TEDA + can react through a SET pathway 23 as a bystanding oxidant. 24 In the present reaction, the addition of 1.0 equiv of 2,2,6,6-tetramethylpiperidine Noxide (TEMPO) decreased the yield; 5.0 equiv inhibited the C−H amination completely, which is consistent with a radicalbased mechanism. 25 A premixed solution of CuBr 2 and F-TEDA-BF 4 remains active but affords lower yields if the substrate is added 1 h later (see SI). This suggests the formation of a rather unstable copper(III) species, which has been previously reported for the reaction of copper(II) with F-TEDA-BF 4 .
6c, 26 The structure of a complex obtained by mixing copper(II) trifluoroacetylacetonate and F-TEDA-BF 4 has been previously characterized by X-ray crystallography, 27 but all attempts to identify a similar structure starting with CuBr 2 failed. However, crystalline H-TEDA-BF 4 was isolated after mixing F-TEDA-BF 4 and CuBr 2 in MeCN, and the resulting salt was characterized by X-ray crystallography (see SI for details), suggesting that hydrogen abstraction occurred on the solvent. A similar abstraction is proposed to occur when an electron-rich hydrocarbon substrate is present, with the resulting carbocation trapped by a molecule of acetonitrile to form a Ritter nitrilium intermediate. In the case of the alcohol substrates (1, 4, 6, 7, or 10), this nitrilium is then trapped by the hydroxyl moiety, leading to dihydrooxazine derivatives. Other examples of Ritter-type reactions that occur via two SETs have been reported. 6b A significant isotope effect was observed (k H /k D = 3.5, Figure 2B ), consistent with the fact that C−H bond cleavage takes place during the rate-limiting step of the reaction. In summary, C−H amination of unactivated sp 3 centers (non-benzylic and allylic) using readily available reagents and an inexpensive source of nitrogen has been disclosed. This reaction proceeds under mild conditions for a broad scope of substrates used in limiting amounts. It displays a high functional group tolerance, is operationally trivial to execute, is scalable, and can be used to directly functionalize natural product derivatives such as 6-epi-dihydrojunenol. The mechanism of this intriguing transformation and the nature of the interaction between copper salts and TEDA-based reagents are clear areas for further study. We expect this new protocol to complement existing amination methods and serve as a potential lead for the design of future C−H functionalization methods. 
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